Background. Patients with essential hypertension have abnormal endothelium-dependent vasodilation. Because the endothelium exerts its action on the vascular smooth muscle through the release of several substances, it is important to identify which of these factors is involved in the abnormal response of hypertensive arteries.
Jt is now recognized that the endothelium importantly determines vascular tone through the release of different relaxing and constricting factors that modulate the contractile activity of the underlying smooth muscle.1-5 The critical nature of such endothelial function is further emphasized by the recent discovery of abnormal endothelium-dependent vascular responses in certain specific cardiovascular conditions. In this regard, previous studies from our and other laboratories have demonstrated that patients with essential hypertension have impaired endothelium-dependent vasodilatation.6,7 These findings suggest the possibility that an endothelial defect may play a pathophysiological role in the functional abnormalities of resistance arteries characteristic of hypertensive patients. 8 Because the endothelium releases several factors that act on the vascular smooth muscle, it is important to identify which of these substances is involved in the abnormal endothelial function of hypertensive arteries.
One of the agents that mediate the effect of the endothelium on vascular tone is endothelium-derived relaxing factor, or EDRF.'129 Although there might be more than one EDRF, at least one such factor has recently been identified as nitric oxide,10 which is synthesized by endothelial cells using the nonessential amino acid L-arginine as a precursor.'" Importantly, this process can be inhibited by arginine analogues that competitively antagonize the synthesis of nitric oxide from L-arginine12 and thus provide a useful tool to investigate the rate of production of nitric oxide by the vascular endothelium. 13 The present investigation, therefore, was undertaken with the following objectives: 1) to determine whether a decreased synthesis or release of endothelium-derived nitric oxide can at least partly account for the elevated basal vascular resistance of patients with essential hypertension and 2) to define the role of nitric oxide in the abnormal endothelium-dependent vascular Basal measurements were obtained after a 3-minute infusion of 5% dextrose solution at 1 mL/min. Forearm flows were then measured after the infusion of sodium nitroprusside and acetylcholine. Sodium nitroprusside was used as an endothelium-independent substance, since its vasodilator effect is largely caused by its direct action on smooth muscle cells.18"9 Acetylcholine, in contrast, induces vasodilation by stimulating the release of relaxing factors from the vascular endothelium.1"2'6'7"13 Sodium nitroprusside was infused at 0.8, 1.6, and 3.2 ,ug/min and acetylcholine chloride (Sigma Chemical Co., St. Louis, Mo.) at 7.5, 15, and 30 ,g/min (infusion rates, 0.25, 0.5, and 1 mL/min, respectively, for each drug). Each dose was infused for 5 minutes, and forearm flow was measured during the last 2 minutes of the infusion. A 30-minute rest period was allowed, and another basal measurement was obtained between the infusions of the two drugs.
After another 30-minute rest period, flow measurements were obtained to corroborate return to basal values. Then, the arginine analogue N0-monomethyl-Larginine was infused at 4 ,umol/min (infusion rate, 1 mL/min) for 5 minutes, and forearm blood flow was measured during the last 2 minutes of the infusion.
Subsequently, cumulative dose-response curves for acetylcholine and sodium nitroprusside were repeated with the same doses, infusion rates, and resting interval as mentioned above. The infusion of NG-monomethyl-L-arginine was discontinued during the rest period but reinstated before the second of these dose-response curves was obtained.
The sequence of administration of acetylcholine and sodium nitroprusside both before and after infusion of the arginine analogue was randomized to avoid any bias related to the order of drug infusion. During the study, the participants did not know which drug was being infused. All blood pressures were recorded directly from the intra-arterial catheter immediately before each measurement. Forearm and decrease in vascular resistance with acetylcholine were significantly reduced in hypertensive patients compared with normal control subjects (Figure 1 ). At the highest dose (30 pug/min), forearm blood flow was 16.4+8 mL-min'* 100 mL-1 in the control subjects and 8.2+4 mL. min1 . 100 mL-1 in the patients (p<O.OOl). However, no significant differences were found between the two groups in the forearm blood flow and vascular resistance response to sodium nitroprusside (Figure 2 ). At the highest dose (3.2 jig/min), forearm blood flow was 10.6±3 mL* min'* 100 mL-t in the control subjects and 9.4±4 mL-minl * 100 mL-1 in the hypertensive patients. p<O.Ol).
The infusion of NG-monomethyl-L-arginine produced significant decrease in blood flow and increase in vascular resistance in both groups. In hypertensive patients, blood flow decreased from 2.86+ 1.1 to 2.53+ 1.1 mL* min'-1 100 mL-1 (p<0.04), and vascular resistance increased from 48.6±+18 to 59.1±31 mm Hg* mL--min.* mL-U (p<0.05). In normal control subjects, blood flow decreased from 2.97±0.7 to 1.89±0.5 mL* min-1-100 mL-(p<0.0003), and vascular resistance increased from 31.3+9 to 47.1±16 mmHg*mL-*min-'*mL-U (p<0.003). Of note, the vascular resistance measured in normal control subjects after infusion of the arginine analogue (47.1±_16 mm Hg * mLU . min'* mL-U) was similar to the resistance measured in hypertensive patients under baseline conditions (48.6+18 mm Hg * mL-1 -min'l -mI,).
The magnitude of the changes in blood flow and vascular resistance with N0-monomethyl-L-arginine was significantly greater in normal control subjects than in hypertensive patients (decrease in blood flow, 1.08±0.6 versus 0.32±0.4 mL * min1-* 100 mL-U, respectively arginine ( Figure 4 ). Moreover, a significant inverse correlation was also found between the decrease in blood flow with NG-monomethyl-L-arginine and the blood flow response to acetylcholine (r=-0.45; p<O.05). No significant changes in systemic blood pressure were observed with the infusion of NG-monomethyl-Larginine in either hypertensive patients or normal control subjects.
Effect of NG-Monomethyl-L-Arginine on the Vascular Responses to Acetylcholine and Sodium Nitroprusside
In normal control subjects, the vasodilator response to acetylcholine was significantly blunted after infusion of NG-monomethyl-L-arginine ( Figure 5 ). At the highest dose of acetylcholine (30 ttg/min), blood flow was 16.4±8 mL* min1l* 100 mL-1 before and 7.01±3 mL-min-l* 100 mL-1 after infusion of NG-monomethyl-L-arginine (p<0.004). The infusion of the arginine analogue, however, did not modify the vasodilator response to sodium nitroprusside in normal control subjects (maximum blood flow, 10 .6±3 versus 9.9±3 mL. mint-* 100 mL-1 before and after N0-monomethyl-L-arginine infusion, respectively).
In hypertensive patients, in contrast, the response to acetylcholine was not significantly altered by the infusion of N0-monomethyl-L-arginine (Figure 6 ). At the maximum dose of acetylcholine, blood flow was 8.2±4 mL* mink-l 100 mL-1 before and 8.01±5 mL mink . 100 mL-1 after infusion of the arginine analogue. Sim- ilarly, the infusion of NG-monomethyl-L-arginine did not produce any significant difference in the response to sodium nitroprusside in hypertensive patients (maximum blood flow, 9.4±4 versus 8.5±3 mL-mink-100 X 9 1 mL1 before and after N0-monomethyl-L-arginine infusion, respectively).
Discussion The endothelium plays a key role in the homeostasis of the cardiovascular system by regulating vascular tone. This endothelial action is exerted through the release of different substances that modulate the contractile activity of the vascular smooth muscle.3-5 One of these substances is EDRF.1,2,9 Although the endothelium may release more than one EDRF, at least one has been recently identified as nitric oxide or a molecule containing nitric oxide.10 The synthesis of nitric oxide by endothelial cells uses the nonessential amino acid L-arginine as the substrate" and can be specifically and competitively antagonized by arginine analogues such as NG-monomethyl-L-arginine, which binds to the enzymatic pathway in a process that can be reverted by increased availability of L-arginine.12,13 This phenomenon permits the study of the role of endotheliumderived nitric oxide in the physiology and pathophysiology of the cardiovascular system. 13 Previous studies have shown that patients with essential hypertension have a selective impairment in the response to acetylcholine, an endothelium-dependent vasodilator.67 Because several substances are released by the vascular endothelium, the finding of an impaired response to acetylcholine does not define the mecha- nisms that mediate this abnormal endothelial response of hypertensive patients.
The results of the present investigation indicate that patients with essential hypertension have a specific deficit in the endothelium-derived nitric oxide system and suggest that this defect may play a role in determining both the increased vascular resistance of these patients and their impaired response to endothelium-dependent agents. Thus, in comparison to normal control subjects, hypertensive patients had a less pronounced decrease in basal blood flow and blood flow response to acetylcholine in response to the arginine analogue N0-monomethyl-Larginine. This difference indicates that the basal and stimulated release of nitric oxide by the endothelium of hypertensive arteries is diminished and therefore is less affected by inhibition of its synthesis.
The finding of a normal vasodilator response to sodium nitroprusside in hypertensive patients both before and after the infusion of N0-monomethyl-L-arginine rules out the possibility that the observed abnormality in the nitric oxide system of these patients is caused by a defective response of vascular smooth muscle to nitrovasodilators. However, the results of this study do not allow us to determine whether such abnormality is a consequence of diminished synthesis of endothelium-derived nitric oxide, of normal synthesis but impaired release from the endothelial cells, or even of a defect in the diffusion of this substance between the Another important finding of our study is that the arginine analogue produced a significant decrease in blood flow and increase in vascular resistance in normal control subjects, in agreement with previous reports. 13 Since NG-monomethyl-L-arginine does not have an intrinsic effect on vascular smooth muscle,13 this observation indicates that endothelium-derived nitric oxide is a major determinant of normal vascular tone and suggests that a defect in the synthesis or release of nitric oxide may result in abnormally increased vascular resistance. In this regard, it is noteworthy that the vascular resistance of normal subjects after infusion of NG-monomethyl-L-arginine was similar to that of hypertensive patients under basal conditions. Furthermore, the importance of nitric oxide in the regulation of vascular tone is emphasized by the observation of a significant inverse correlation between systolic blood pressure and the vascular responses to NG-monomethyl-L-arginine.
Thus, individuals with a greater impairment in the basal production of nitric oxide (and therefore a reduced response to inhibition of its synthesis with the arginine analogue) are those who have a higher basal systemic blood pressure.
With respect to the comparison of changes in basal blood flow and vascular resistance between the two subject groups, it is important to emphasize that, because resistance arteries of patients with essential hypertension have an increased wall-to-lumen ratio,20,21 hypertensive patients are predisposed to a more pronounced response to any given vasoconstrictor agent. 22, 23 The decreased response to NG-monomethyl-L-arginine that we observed in patients with essential hypertension, therefore, cannot be ascribed to such a response, further supporting the concept that this finding truly reflects a specific deficit of endotheliumderived nitric oxide under basal conditions.
In normal control subjects, NG-monomethyl-L-arginine significantly blunted the vasodilator response to acetylcholine but did not alter the response to sodium nitroprusside. This observation, which is in agreement with previous studies,13 indicates that endotheliumderived nitric oxide is an important mediator of the vasodilator effect of acetylcholine. This concept is further supported by the inverse relation observed between the vascular effects of NG-monomethyl-Larginine and acetylcholine. In contrast to the results in normal control subjects, inhibition of the endothelial synthesis of nitric oxide by NG-monomethyl-L-arginine did not significantly modify the response to acetylcholine in hypertensive patients, indicating that the release of nitric oxide in response to endotheliumdependent agents is significantly impaired in these patients. Another implication of this latter finding is that, since acetylcholine still produced substantial vasodilation in hypertensive patients even after infusion of the arginine analogue, this effect of acetylcholine must be importantly mediated by other factors released by the endothelium, such as endotheliumderived hyperpolarizing factor,24 which is not affected by arginine analogues.
The observation that inhibition of the synthesis of nitric oxide in normal subjects can cause a rise in vascular resistance to hypertensive levels and the finding of abnormal production of nitric oxide in hypertensive patients suggest that this abnormality may play a primary role in the causative mechanisms of essential hypertension. Alternatively, such a defect may be a consequence and not the cause of the elevated blood pressure. Previous studies from our laboratory have shown that normalization of blood pressure with conventional antihypertensive therapy does not improve the blunted response to endothelium-dependent agents characteristic of patients with essential hypertension, 25 suggesting that this defect either is primary or becomes irreversible once the hypertensive process has been established. In either case, this endothelial abnormality may play an important role in the genesis or perpetuation of the hypertensive process and thus contribute to the morbid consequences of the disease.
In conclusion, the present study demonstrates that the abnormal endothelial function of patients with essential hypertension is related to a defect in the endothelium-derived nitric oxide system because of either reduced synthesis, release, or diffusion of nitric oxide to vascular smooth muscle. This finding may account for both the increased vascular resistance under basal conditions and the impaired response to stimulation with endothelium-dependent vasodilators. This abnormality may play an important role in the pathophysiology of the hypertensive process, and its identification may lead to the development of more specific therapies.
